tion and subsequent muscular atrophy. 43 , 46 Sihvonen et al. 44 reported that disturbed back muscle innervation and loss of muscular support leads to disability and increased biomechanical strain, which might be one important cause of failed back syndrome. On the other hand, removal of the spinous process and lamina may cause tissue loss and create a dead space, causing a cosmetic problem of a change in skin contour, 49 facilitating local wound complications such as infection, and increasing the area of scar adhesion with dura mater and nerve roots. The latter problem also correlates with postoperative failed back syndrome. 44 Additional surgeries to correct postoperative instability include open-door laminoplasty, 30 partial undercutting facetectomy, 28 multiple microscopic laminotomy, 40 microdecompression, 31, 32 unilateral laminectomy for bilateral decompression, 36 distraction laminoplasty, 34 port-hole laminotomy, 26 and spinous process implantation. 38 Most of these surgeries may fail to achieve sufficient decompression, are time consuming, or minimize but do not eliminate back muscle injury. The dilemma of the surgeon becomes whether to preserve stability or increase decompression.
Weiner and colleagues 49 and Yong-Hing and KirkaldyWillis 50 reported results of successful spinous-process osteotomies for spinal stenosis decompression, in which one side of the paraspinal muscle is divided and the spinous processes are cut horizontally at the junction of the lamina and spinous process. Although this method may limit injury to one half of the paraspinal muscle, it widens the laminectomy and causes instability of the spinous process. Watanabe and colleagues and Lin et al. also developed spinous process-splitting laminectomy or sublumbar decompression to minimize muscular injury with good neurological outcome. Only the methods used by Watanabe and colleagues 48 and Lin et al. 27 eliminated paraspinal muscle injury. We developed a new operative technique by combining spinous process-splitting laminotomy (to spare posterior back muscle injury) with or without discectomy for decompression of degenerative lumbar spinal stenosis. Our study design is similar to the approach used by Watanabe and colleagues and Lin et al., but there are some key differences.
We have named this new operative technique after the marmot, a ground rat that tunnels and builds caves. Like the tunneling of a marmot, in the "Marmot operation" we tunnel using a high-speed bur to split spinous processes, drill into the spinal canal, and even deepen disc space for discectomy.
Clinical Material and Methods

Patient Population
In this prospective study, 70 patients with lumbar stenosis (surgically indicated for repair) were enrolled within the same study period and were randomized to undergo the Marmot operation or conventional laminectomy. Elderly patients (more than 80 years of age) with higher anesthetic risks or severe medical comorbidities, such as congestive heart failure, uremia, liver cirrhosis, coagulopathy, and others, were excluded, as were patients with lumbar stenosis and spondylolisthesis requiring additional instrumentation. Informed consent was provided by patients and/or family members before surgery. To reduce bias, surgeons did not attempt to influence the selection of surgical treatment. Forty patients were selected for the Marmot operation group and 30 for the conventional laminectomy group.
Evidence of spinal stenosis was obtained from CT scans or MR images. Spinal stenosis was defined by an anteroposterior diameter of the spinal canal less than 11 mm, an interpediculate distance of less than 16 mm, and a lateral recess distance of less than 3 mm. 35 Hypertrophic facets and ligamentum flavum, and a bulging disc were typically found. The usual clinical symptoms were lumbago and intermittent claudication. Conservative treatments, including medication, rehabilitation, rest, or wearing a brace were attempted for at least 6 months before surgery. The results of neurological examinations were essentially compatible with the imaging findings.
Marmot Operation
Anesthesia was induced in the patients, they were placed prone, and the levels of spinal processes were located using a portable C-arm fluoroscope and marked on the skin. After skin incision over the spinal processes, a split-spinous process osteotomy was performed using a high-speed bur (Midex-Rex, Medtronic). The cortex of each spinous process was preserved, and the paraspinal muscles attached to the cortex of each spinous process were spared and not divided. Under microscopic guidance, the thick ligamentum flavum or dural sac was exposed by drilling out the inner cortex of the spinous process. For multilevel stenoses, a continuous tunnel was created. The superior facets were undercut using punches or a high-speed bur, and the thick ligamentum flavum was removed for decompression using punch excision (Fig. 1) . The interspinous process ligaments were split centrally and partially removed. A small blade and the hook of a self-retained Williams retractor (Codman and Shurtleff, Inc.) were used on the interspinous ligament site to enlarge the working space (Fig. 2) . Most lateral recess stenosis was caused by hypertrophic facets (located nearby) above and below the interspinous ligament. The retractor was used to push the soft tissue away to widen the surgical field. A high-speed bur and a Kerrison punch (at a 45˚ angle with a 2-mm opening) were used to partially remove the inner facets and widen the neuroforamen. The view and working space for removal of the contralateral hypertrophic facets and ligamentum flavum was aided by rotating the operating table. An angulated microprobe used along the nerve root determined whether the decompressed space of neuroforamen was adequate. Discectomy was performed if the discs were bulging and compressing the root or dural sac. Because working space was limited, the surgeon could opt to remove the disc on the contralateral side, using a root retractor to pull the roots toward the surgeon's side. When the bulging disc was identified, microscissors were used to open the annulus fibrosis ligament, and the thin blade of a disc rongeur (Codman) was used to remove the annulus propulsus. After the spinal stenosis decompression was completed, careful hemostasis was performed, the dural sac was packed with Gelfoam, and the skin wound was closed.
Operative Procedures for Conventional Laminectomy
The conventional laminectomy procedure for lumbar spinal stenosis is shown in Fig. 3 . The spinous process and laminas were removed leaving a wide dead space. The paraspinal muscles were disconnected from the spinous process and laminas. Discectomy was also performed if a bulging disc with root or dural sac compression was evident.
Postoperative Care
On postoperative Day 1, the urine catheter was removed from patients when they attempted to ambulate from their beds. Patients did not need to wear a rigid lumbar brace. Light analgesics (nonsteroidal antiinflammatory drugs) were administered for 2 to 3 days.
Patient Assessment
Neurological status was evaluated preoperatively and 1 year postoperatively using the JOA scoring system 12 as shown in Table 1 . The recovery rate was measured using the Hirabayashi method. 11 The formula for this method is: recovery rate (%) = (postoperative score Ϫ preoperative score) / (15 Ϫ preoperative score) ϫ 100. The recovery rate was classified into one of four groups at the 1-year follow up:
12 excellent (more than 75% recovery), good (50-74%), fair (25-49%), and poor (24% or less).
The employment and functional status results at 1-year follow up were evaluated using the Prolo scale as shown in Table 2 . Postoperative back pain was also evaluated at 1 year using a VAS. Blood samples were collected daily for 3 days postoperatively to check the level of CPK-MM, which was used to evaluate the condition of the tissue and amount of muscle damage. Preoperative and postoperative A: Hypertrophic facets and ligamentum flavum, and a protruding disc are shown causing spinal stenosis. B: Spinous process splitting with decompressive laminotomy is performed using a high-speed bur, and the hypertrophic ligamentum flavum is removed and hypertrophic facets are undercut. C: A discectomy is performed for a bulging disc compressing the dural sac and root. A nerve root retractor is used to pull the dural sac and root away to expose the underlying disc for removal. A small and thin disc rongeur removes the bulging disc piece by piece at the disc space for decompression. D: The spinal canal is demonstrated to be decompressed after the Marmot operation, with muscle sparing. canal anteroposterior diameter, lateral recess distance, and cross-sectional area at the disc level were measured using a picture archiving and communication system. The follow-up period ranged from 10 to 18 months. The mean follow-up period was 15.1 months for patients who underwent the Marmot operation and 14.8 months for those in the conventional laminectomy group.
Statistical Analysis
The Student t-test, paired t-test, Wilcoxon rank-sum, and Wilcoxon signed-rank tests were used for statistical analysis. Where applicable, mean values are presented with the SDs.
Results
Marmot Operation
A total of 40 patients (16 men Table  4 ). The mean lateral recess distance was widened from a preoperative value of 1.43 Ϯ 0.46 mm (right) and 1.31 Ϯ One patient with insufficient decompression at the lateral recess and a recurrent herniated disc attained good results after undergoing a secondary laminectomy and discectomy with pedicle screw fixation and cage fusion. Another patient had a small superficial wound infection but was successfully treated with antibiotic agents and frequent dressing changes. 
Conventional Laminectomy
A control group of 30 patients (15 men and 15 women) was randomly selected for comparison in the same period. Patients ranged in age from 42 to 70 years (mean 58.8 years). Fifteen patients had two-level stenosis, 13 had three-level stenosis, and two had four-level stenosis (mean 2.56 Ϯ 0.50 levels). The duration of stay ranged from 4 to 13 days (mean 7.18 Ϯ 2.89 days). The mean operation time was 193 Ϯ 68 minutes with a mean blood loss of 132 Ϯ 128 mlSplit-spinous process laminotomy for lumbar stenosis 233
Comparison of the Two Surgical Procedures
The results of surgery in the two groups are compared in Table 3 . Compared with conventional laminectomy, the Marmot operation resulted in a significantly shorter hospital stay (p = 0.003), significantly lower CPK-MM level (p Ͻ 0.001), significantly shorter postoperative duration until ambulation (p = 0.001), significantly lower VAS score (p = 0.003), and an increased JOA score recovery rate (p Ͻ 0.001). Spinal instability did not occur in patients treated with the Marmot operation, but did occur in 6.7% of patients treated with conventional laminectomy and discectomy. The Marmot operation did take significantly longer time in the operating room and resulted in significantly greater blood loss.
Discussion
Changes in CPK-MM
The CPK-MM activity increased after surgery, reached a maximum 1 day after surgery, and returned to normal 1 week after surgery. 22 Postoperative CPK-MM changes may reflect histological changes due to back muscle injury. 7, 23 Kawaguchi and colleagues 20 reported that back muscle injury occurred in all patients who underwent posterior lumbar surgery and these injuries were related to retraction pressure, duration of surgery, and extent of exposure. In their series, the CPK-MM level was 530.1 Ϯ 282.7 IU/L in the level-1 posterior surgery group and 720.9 Ϯ 530.9 IU/L in the level-2 posterior surgery group 1 day after surgery. In our study, the Marmot operation resulted in a very low CPK-MM level (161 Ϯ 82 IU/L) and minimal muscu- lar injury. In a rat study, back muscle degeneration was most severe and CPK-MM level was highest 2 hours after retraction. 21 Suwa and coworkers 46 also reported that postoperative elevation of CPK was significantly higher after a posterolateral fusion procedure than after single interlaminar level or multiple interlaminar level procedures. Paraspinal muscle damage may be one of the most important factors that cause muscle atrophy. 44 Electromyography recordings indicate that this muscular damage may persist for more than 41 months. 43 Moreover, increased CPK activity is correlated with posterior back pain. Sihvonen et al. 44 reported that disturbed back muscle innervation and loss of muscular support lead to disability and increased biomechanical strain, and might be an important cause of failed back syndrome.
Our study found significantly lower mean CPK-MM levels at postoperative Day 3 in the Marmot operation group than in the control group. The Marmot operation minimized muscular traction and dissection, thereby reducing postoperative muscle injury and back pain (lower VAS score), facilitating early mobilization, and reducing the duration of hospital stay.
Neurological Recovery
A total JOA score can range from Ϫ6 to 15, and is a good indicator of the extent of neurological recovery. Such assessments cover subjective symptoms (low-back pain, leg pain, and walking capacity) and clinical symptoms (straight leg-raising test, and motor, sensory, and bladder functions). At the 1-year evaluation the JOA score appeared to be significantly better in the Marmot operation group. Patients in this group felt more comfortable than patients in the conventional laminectomy group. This difference is a key advantage of minimally invasive spinal sur-
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Split-spinous process laminotomy for lumbar stenosis 235 gery. Iguchi and colleagues 12 reported that conventional decompression laminectomy improved the average 10-year follow-up JOA score only 55.2 Ϯ 31.6%. In our study, the recovery rate was 74 Ϯ 22% for patients in the Marmot operation group and 48 Ϯ 31% for those in the conventional laminectomy group. At the 1-year follow-up, the change in Prolo score also showed that patients could attain a much improved economic and functional status after the Marmot operation.
Abumi and coworkers 1 reported that division of the supraspinous/interspinous ligament did not affect range of motion. In our study, a central splitting and partial removal of the interspinous ligaments did not affect spinal stability. Although spinal stability may appear to be unaffected in these initial preliminary results, long-term follow up is needed for confirmation. We believe this minimal muscle injury technique (which also preserves posterior spinal structures) can reduce back muscle atrophy and weakness and thereby maintain spinal stability.
Visual Analog Scale Score
Excessive postoperative pain is directly related to surgical trauma and not to the laminectomy itself. 51 Careful atraumatic muscle dissection or muscle sparing leads to an easy postoperative recovery even after multilevel surgery. In our study, the lower postoperative VAS score noted after the Marmot operation compared with conventional laminectomy was due to muscle sparing. This resultant muscle sparing is why we encourage older patients to get out of bed and walk on the first day after surgery. Even at the 1-year follow-up, back pain was still lower in those treated with the Marmot operation than in those treated with conventional laminectomy.
Spinal Canal Decompression
Although the spinal canal diameter and cross-sectional area are not absolutely correlated with clinical symptoms and signs, 17 effective nerve decompression is always necessary for good outcomes. Mariconda et al. 28 reported a unilateral laminectomy with bilateral decompression in which the dural sac cross-sectional area at the level of the most stenosis was 70.76 Ϯ 28.2 mm 2 preoperatively and 100.82 Ϯ 31.55 mm 2 postoperatively, with an average correction rate of 65%. Our study showed that the Marmot operation can achieve effective decompression; postoperatively, anteroposterior diameter increased 78.4% and crosssectional area increased 100.4%. The Marmot operation decompression of the lateral recess of the spinal canal is somewhat difficult for a novice neurosurgeon because it is performed in a narrow working space. Key points to performing this decompression include using specialized retractors (self-retained Williams retractors) in the interspinal ligament space, and standing on one side while undercutting and punching out hypertrophic facets and ligamentum flavum on the opposite side.
Operative Duration
The operative duration of the Marmot operation was longer than the control procedure. The learning curve is steep for the Marmot operation, just as it is for other minimally invasive spinal surgeries. Some new techniques need to be learned. Initial splitting of the spinous processes with a high-speed bur is time consuming. We use a cutting bur to speed up this procedure and then change to a diamond bur when the spinal canal is approached. Performing a discectomy in the narrow space created by drilling is another difficult technique to master; a microscope, as well as thin and small-angle rongeurs, are needed. With experience, the operative duration for this new procedure can be reduced.
Minimally Invasive Spinal Surgical Techniques for Lumbar Stenosis
The characteristics and outcomes of minimally invasive spinal surgeries used to treat lumbar spinal stenosis are summarized in Table 5 . The Marmot technique is one of the surgeries associated with muscle sparing or minimal muscle injury, effective decompression, and satisfactory neurological outcomes. Watanabe and colleagues 48 reported that lumbar spinous process-splitting laminectomy for lumbar canal stenosis could reduce the muscle injury and muscle atrophy rate to only 5.3% in contrast to the rate (23.9%) in conventional laminectomy. The mean JOA score recovery rate was 67.6% in their report. Lin and coworkers 27 also obtained satisfactory outcomes in 91% of patients (excellent in 61% and good in 30%) using this procedure. Our Marmot operation results were comparable to their findings. In our study, the JOA score recovery rates of those patients with excellent and good outcomes were 65 and 28%, respectively. The postoperative level of CPK-MM was lower than that for conventional laminectomy.
Yet our procedures and surgical points-of-view differed somewhat from those of Watanabe and colleagues and Lin and coworkers. First, we used laminotomy, not laminectomy, to preserve the posterior spinal structure and maintain spinal stability. The spine is more stable after laminotomy than laminectomy. Second, we partially removed the interspinal ligament and gently retracted the residual interspinal ligament to expose the surgical field to direct vision, so as to facilitate discectomy and removal of the hypertrophic ligamentum flavum and medial facet joints. Most disc herniation and hypertrophic ligamentum and facet joints were near or below the interspinal ligament. The percentage of those patients receiving discectomy was higher (66%) in our study, but none of the patients in the study had postoperative spinal subluxation during the follow-up period. A bulging disc is one of the major causes of spinal stenosis and root compression, especially in conjunction with severe disc herniation. There are no studies similar to those of Lin et al. 27 and Watanabe et al. 48 that provide evaluations of the spinous process-splitting approach to perform discectomy used in our study. Data from the experimental model show that partial removal of the interspinal ligament is not related to postoperative spinal instability. 1 Finally, use of specialized retractors with small blades and hooks at the interspinal ligament site was needed to widen the working space for lateral recess decompression. The duration of muscular traction influenced back muscle atrophy in the rat model. 21 Therefore, the use of muscle traction has been limited in lateral recess decompression and discectomy in the Marmot operation.
Conclusions
The Marmot technique for treating degenerative lumbar D. Y. Cho et al.
spinal stenosis appears to result in effective spinal decompression with minimal muscle trauma and maintenance of spinal stability. The advantages of this method include early mobilization, shortening of hospital stay, good functional neurological recovery, and reduction of postoperative back pain. After 1 year of follow up, satisfactory neurological outcome and recovery may be achieved. The disadvantage of this procedure is that it is slightly more time consuming. 
